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Bovine tuberculosis (bTB) is diagnosed in naturally infected populations exposed to a wide variety of other pathogens. This study
describes the cell-mediated immune responses of cattle exposed to Mycobacterium avium subspecies paratuberculosis (Map) and
Mycobacterium avium subspecies avium with particular reference to routine antefmortem Mycobacterium bovis diagnostic tests.
The IFN-γ released in response to stimulated blood was found to peak later in the Map-exposed group and was more sustained
when compared to the Maa-exposed group. There was a very close correlation between the responses to the purified protein
derivatives (PPD) used for stimulation (PPDa, PPDb, and PPDj) with PPDa and PPDj most closely correlated. On occasion, in
the Map-infected cattle, PPDb-biased responses were seen compared to PPDa suggesting that some Map-infected cattle could be
misclassified as M. bovis infected using this test with these reagents. This bias was not seen when PPDj was used. SICCT results
were consistent with the respective infections and all calves would have been classed skin test negative.
1. Introduction
Mycobacterium avium subspecies paratuberculosis (Map), a
gram positive bacterium, is the causative agent of Johne’s
disease in cattle. It has a wide host range which includes
cattle, sheep, goats, deer, and other nonruminants such as
rabbits [1]. The recognised transmission routes are via the
faecal-oral route through the consumption of contaminated
milk or colostrum and in utero [2]. Infection can be
cleared by the immune system or progress to subclinical
or clinical disease. The proportion of animals that progress
to disease will probably vary depending upon the host, the
infective dose, and the age of exposure [3–5]. Cattle are
most susceptible to infection during their first months of
life although older animals can be infected [5–7]. Clinical
signs do not usually appear for 3–5 years after infection
[4, 6]. Clinical signs include chronic enteritis, diarrhoea,
weight loss, and eventual death [8] making it an important
constraint on animal health, welfare, and productivity. The
direct costs of the disease are diﬃcult to measure, however,
in dairy herds it has been estimated that subclinical infection
can depress milk production by 10% [9, 10]. However, if
infection confounds the diagnosis of other diseases such as
M. bovis, the actual national cost of infection may be grossly
underestimated.
Early Map diagnosis is diﬃcult because of the length of
time taken for cattle to develop an antibody response or
for clinical signs to develop therefore many infected animals
remain on farms where they can readily shed organisms
and possibly infect others. Current antibody serology tests
vary widely in terms of sensitivity and specificity making
comparisons diﬃcult [11–13]. However, with the complete
sequencing of the Map genome [14] new antigens are being
2 Veterinary Medicine International
discovered which may improve the performance of serology
tests [15]. The gold standard of disease diagnosis is tis-
sue/faeces culture which, although accurate, can take months
to complete and is likely to be insensitive in preclinically
infected animals [16] so is not ideal for disease eradication
programs. An alternative diagnostic tool is measuring the
Map-specific early cell-mediated immune response (CMI)
[17]. This is already routinely used in many countries to
diagnose bTB infections in cattle in conjunction with the
skin test and is recognised by the Oﬃce International des
Epizooties for diagnosing M. bovis infections [18]. Several
studies have demonstrated that the IFN-γ assay is more
eﬀective at detecting early Map infections than antibody tests
[19, 20]. One of the limitations with these diagnostic tests is
the possible misdiagnosis due to cross reactivity with other
Mycobacteria. A´lvarez et al. have shown that a dual Map
and M. bovis infection in cattle may reduce the sensitivity
of the IFN-γ test to detect bTB [21]. To eliminate this cross
reactivity, it may become essential to develop more specific
tests, for example, using ESAT-6/CFP10 in the IFN-γ assay
to help diﬀerentiate between M. bovis and Map infections
[22, 23].
Map infection in cattle is global. While many studies have
been undertaken to determine prevalence within a country,
they are not easily comparable due to the diﬀerent methods
used and the cattle tested in the studies not reflecting the
overall population. Herd level prevalences within European
countries have been estimated to be between 3 and 68% [24].
A 2009 UK government report has estimated that the UK
dairy herd prevalence of Johne’s disease is 34.7% (95% ci
27.6%–42.5%) [25]. Given this, it is very likely that Johne’s
disease is present in virtually all countries which currently
have bTB. Bovine TB eradication programs are heavily
dependent on diagnostic tools to accurately identify aﬀected
animals and to distinguish them from animals exposed to
environmental mycobacteria. Most current diagnostic tests
depend upon the purified protein derivatives (PPDs) of M.
bovis (PPDb) and Maa (PPDa). Current bTB eradication
programs compare the delayed-type hypersensitivity (DTH)
reactions of these two tuberculins in the single intradermal
comparative cervical tuberculin (SICCT) skin test. Given
that these are crude, poorly characterised, can vary with
manufacturer [26] and that the Map, Maa, and M. bovis
mycobacteria are genetically similar [27], there is a strong
likelihood that an infection with Map may give responses
to either reagent that could aﬀect both the sensitivity and
specificity of current tests [21, 23].
The purpose of this paper is to assess the CMI response
of cattle experimentally infected with either Maa or Map and
if there is any impact on the specificity of current M. bovis
diagnostics.
2. Materials and Methods
2.1. Animals and Experimental Design. All calves used were
male Friesian-Holsteins sourced in Northern Ireland from
M. bovis and Map free herds and were tested for exposure
to M. bovis, Map, and Maa using the IFN-γ release assay
beforehand. Throughout each experiment, the calves were
housed in a secure, level 2 containment facility and were
blood sampled weekly. In the first experiment, 12 calves
aged approximately 16 weeks (ranging from 15 to18 weeks)
were infected with Map and kept for 39 weeks before being
euthanized and examined at postmortem [28]. In the second
experiment, 6 calves were infected withMaa at approximately
20 weeks (ranging from 19 to 22 weeks) of age and then kept
for 64 weeks after which they were euthanized and examined
at postmortem. Both groups were kept for the maximum
length of time practically possible in a level 2 containment
facility. In the third experiment, 12 calves were infected with
Maa at 18 weeks of age (ranging from 17–19 weeks old)
and were kept for 8 weeks before postmortem examination.
All experiments complied with UK Home Oﬃce approved
licence conditions and were subject to regular inspections.
2.2. Inoculation of Calves. The strain of Map used was a local,
low-passage bovine strain courtesy of Dr. Grant, Queens
University Belfast, and the strain of Maa used was NCTC
8559. The Map culture was grown in 7H9 Middlebrook
media supplemented with OADC and mycobactin J (BD
Diagnostics), and theMaa culture was grown in 7H9Middle-
brook media supplemented with OADC (BD Diagnostics).
Each inocula was made using cultures harvested in the log
phase of growth, and a count was performed using a wet
weight method [29]. The innocula were resuspended in
buﬀered saline and the calves infected orally. Calves were
administered 108 CFU of Map in experiment 1 (optimised
by a titration in an earlier study—data not shown) and 109
CFU of Maa in experiments 2 and 3. In the absence of other
evidence, 109 CFU was chosen as the Maa dose to ensure a
suﬃcient immune response.
2.3. IFN-γ Release Assay. Blood samples were taken by
jugular venepuncture into heparinised Vacutainer tubes (BD
Diagnostics) and transported to the laboratory within 1
hour. The blood was then immediately stimulated with either
PBS (nil control), avian-purified protein derivatives (PPDa)
at 4 μg/mL final concentration (Veterinary Laboratories
Agency (VLA)), bovine-purified protein derivative (PPDb)
at 8 μg/mL final concentration (VLA), and johnin-purified
protein derivative (PPDj) at 4 μg/mL final concentration
(Central Veterinary Institute (CVI)), ESAT-6 at 2 μg/mL final
concentration (Statens Serum Institut), and pokeweed mito-
gen (Sigma) (positive control). After 24 hours, the plasma
was removed and tested in duplicate using a sandwich ELISA
for the detection of bovine IFN-γ (Bovigam, Prionics). The
IFN-γ released is expressed as a Net OD (OD of antigen
minus OD of PBS). The cut-oﬀ for an animal to be classed
as bTB-positive animal in Northern Ireland is if PPDb OD
minus PBSOD is greater than 0.1 and PPDbODminus PPDa
OD is greater than 0.05OD. This cutoﬀ has been used in the
following results and discussion.
2.4. SICCT Test. A single intradermal comparative cervical
tuberculin (SICCT) test was conducted. Three discreet sites
were clipped on each animal andmeasured for skin thickness
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Figure 1: (a) Mean IFN-γ net OD values from whole blood stimulated with PPDa, PPDb, and PPDj tuberculins from 12Map-exposed calves
over 39 weeks. For clarity, only one side of the standard error of measurement bar is shown for PPDa and PPDj data points. (b) Mean IFN-γ
net OD values from whole blood stimulated with PPDa, PPDb, and PPDj tuberculins from 6 Maa-exposed calves over 64 weeks. (c) Mean
IFN-γ net OD values from whole blood stimulated with PPDa, PPDb, and PPDj tuberculins from 12 Maa-exposed calves over 7 weeks.
by callipers and injected intradermally with 100 μL PPDa
(VLA), PPDb (VLA), and PPDj (CVI) tuberculins. Each
injection site was checked to ensure intradermal delivery.
The skin thickness of each site was measured 72 hours later.
Using standard test criteria, an animal is classified as bTB
skin test positive if there is a skin reaction to PPDb at
least 5mm greater than that to PPDa. All injections and
measurements were performed by the same person to limit
operator variation.
2.5. Statistics. Data analysis was carried out using GenStat
12th edition (VSN international). Skin test reactions were
compared between infection groups using the Kolmogorov-
Smirnov test. The comparisons were between PPDa and
PPDb, PPDa and PPDj, and PPDj and PPDb. Correlation
coeﬃcients for IFN-γ responses to the three tuberculins were
estimated using Kendall’s Rank Correlation Coeﬃcients.
Graphs were produced using FigSys, (Biosoft).
3. Results
3.1. Experiment 1—Map Infection. The purpose of experi-
ment 1 was to expose 12 calves to a known dose of Map
and to measure the IFN-γ released in vitro by antigen
stimulated PBMCs to study CMI responses. In summary, all
calves elicited a CMI response after infection which remained
over the course of the experiment. Figure 1(a) shows the
mean IFN-γ released in response to blood stimulated with
PPDa, b, and j tuberculins. The graph indicates there is a
high degree of cross reactivity between the tuberculins with
all three showing a similar pattern of response over time
with the peak IFN-γ response achieved between weeks 14
and 25 postinfection. All tuberculin comparisons of IFN-γ
responses were significantly correlated (P < .001) with
the response to PPDa and PPDj most closely correlated.
However, in 6 out of the 12 calves there was a PPDb bias
over PPDa at some time points (Figure 2(a)) suggesting that
these animals may, on occasion, be misclassified as bTB
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Figure 2: (a) Diﬀerence between IFN-γ responses to PPDa and PPDb over the course of experiment 1 at weekly intervals with Map exposed
cattle. A cut-oﬀ of 0.05OD has been applied to highlight cattle with a higher response to PPDb than PPDa. (b) Diﬀerence between IFN-γ
responses to PPDa and PPDb over the course of experiment 1 at weekly intervals with Map-exposed cattle. A cut-oﬀ of −0.05OD has been
applied to highlight cattle with a higher response to PPDb than PPDj.
positive using the current cut-oﬀs used in Northern Ireland
(see Section 2.3 for further details). 8% of incidences would
have been misclassified with one animal (K) accounting for
most (44% of its time points); although, in preinfection
bleeds the animal would have tested negative. Importantly,
the overall percentage of incidences was less than 5% if the
comparison was between PPDb and PPDj (Figure 2(b)). In
general the greatest immune response was seen with PPDj,
followed by PPDa and then PPDb. No calf was misclassified
using the SICCT (Figure 3(a)), and there were no significant
diﬀerences between PPDa and PPDj skin reactions but there
was a significant response diﬀerence between PPDa and
PPDb (P = .05).
3.2. Experiment 2—Maa Infection. The purpose of experi-
ment 2 was to expose 6 calves to a known dose of Maa and
to measure the IFN-γ released in vitro by antigen stimulated
PBMCs to study CMI responses. TheMaa group calves’ mean
IFN-γ response was diﬀerent to the Map group’s. Initially,
there was a rapid response of released IFN-γ to PPDa, b,
and j tuberculins peaking at weeks 4 and 5 (Figure 1(b)).
It then decreased to a low level towards the end of the
experiment. There was a high degree of correlation between
the tuberculins with a consistent bias in the responses with
PPDa having the greatest response and PPDb the lowest.
This was also confirmed with the results of the SICCT tests
(Figure 3(b)) which show that no calf would have been
misclassified and that PPDa induced the greatest delayed-
type hypersensitivity (DTH) reaction compared to PPDj and
PPDb.
3.3. Experiment 3—Truncated Maa Infection. The purpose
of repeating the Maa infection in experiment 3 was to
measure the IFN-γ response immediately after exposure up
to and including the IFN-γ peak (Figure 1(c)). The responses
to PPDa, b, and j were muted compared to experiment
2 but this could reflect a diﬀerent group of calves being
used. However, response patterns were consistent showing
a rapid IFN-γ response between weeks 4 and 5. Again
the mean response bias was highest with PPDa then PPDj
and then PPDb. However, the SICCT responses were more
pronounced compared to experiments 1 and 2. Most calves
showed a stronger response to PPDa compared to PPDj or
PPDb. This is consistent with the SICCT being performed
at the peak IFN-γ response phase. As with the previous 2
experiments, no calf ’s infection status wasmisclassified using
the SICCT test (Figure 3(c)).
3.4. Mycobacterium bovis Diﬀerentiation. ESAT-6 [30, 31],
an M. tuberculosis complex-specific antigen, was tested at
most time points in all three experiments to examine
its diﬀerentiation potential and to ensure that the PPDb
response seen (Figures 1(a), 1(b), and 1(c)) was not due
to prior exposure to M. bovis (data not shown). No
animal showed any consistent response in any of the three
experiments indicating that the PPDb responses were due
to cross reactivity from exposure to either Map or Maa
organisms and not from bTB infection. This supports the
use of ESAT-6 as a more specific antigen for use in bTB
diagnostics.
4. Discussion
The series of experiments described above demonstrates
the development of infection models to define the immune
responses following exposure to two nontuberculous species
of mycobacteria, Map and Maa [3, 29]. Both of the species
are considered to confound specificity of bTB diagnosis in
cattle [21, 23]. Using IFN-γ release assays we demonstrated
the development of cell-mediated immune responses to three
tuberculin reagents, PPDa, PPDb, and PPDj. The IFN-γ
responses to these tuberculins had a slower onset in the
group exposed to Map compared to Maa, and responses
remained elevated for a longer period of time postexposure.
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Figure 3: (a) Mean diﬀerences in skin thickness of 12 calves exposed to Map. Measurements were made at 39 weeks postinfection using
PPDa, PPDb, and PPDj tuberculins. (b) Mean diﬀerences in skin thickness of 6 calves exposed to Maa. Measurements were made at 64 weeks
postinfection using PPDa, PPDb, and PPDj tuberculins. (c) Mean diﬀerences in skin thickness of 12 calves exposed to Maa. Measurements
were made after 7 weeks postinfection using PPDa, PPDb, and PPDj tuberculins.
The subsequent, reduced peaks of the Maa group could
be explained by the organism being reexposed to the
animals’ immune system, thus eliciting a more eﬀective CMI
response resulting in the organism being cleared; however,
this remains uncertain from these results.
It is known that in calves infected with Map there may
be a slow progressive infection which takes years to develop
into a clinical state [5–7]. As Map infection progresses, the
bovine immune response is increasingly exposed to bacterial
antigens resulting in the development of humoral and cell-
mediated immune responses [32]. In comparison, infection
or exposure to Maa would appear to provoke a transient
immune response which in our model resulted in a peak
of IFN-γ released at approximately 5 weeks postinfection
and thereafter declined. In comparison, the IFN-γ response
to Map peaked much later and remained high at 39 weeks
postinfection.
All IFN-γ PPD responses were significantly correlated to
each other (P < .001). However, the strongest IFN-γ corre-
lation among individual calves in the Map infection model
was between PPDj and PPDa with the weakest between
PPDa and PPDb. These correlations are consistent with those
seen in a naturally infected herd (data not shown). The
IFN-γ responses of individual calves indicate that if tested for
bTB using cut-oﬀs currently used with the Northern Ireland
IFN-γ program, the majority would have been negative;
however, there are some time points which would have
classed the calves as positive. Therefore, this has potentially
important implications for current diagnostic policies, for
example, large-scale screening of animals in a Map-infected
region is likely to lead to a proportion of animals incorrectly
identified as M. bovis infected. However, all animals, in
each experiment, would have been correctly identified as
bTB negative using current skin test cut-oﬀs. Most animals
displayed a skin test reaction bias towards PPDa then PPDj
and PPDb with the truncated Maa experiment resulting in
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the highest responses. This is probably due to the test being
performed at the peak CMI response.
A recognised aspect of the IFN-γ test using tuberculins
is the significant number of animals identified as M. bovis
positive without any other evidence for infection [33]. While
a significant proportion of these are likely to be truly infected
or exposed, it is possible that some may be infected with
Map. Therefore, a large-scale field study is warranted to
identify if Johne’s infected animals is one factor that leads
to the apparent reduced specificity of the M. bovis IFN-γ
test, as suggested in this study. This work suggests that the
use of better defined antigens could be a useful adjunct to
disentangle Map infected fromM. bovis-infected animals, for
example, through the use of ESAT-6.
5. Conclusions
This study illustrates the very high degree of cross reactivity
between PPDa, b, and j tuberculins and also diﬀerences in
the kinetics of the CMI responses after exposure to Maa
and Map. Diagnostic comparative tests are essential where
animals have been exposed to M. avium complex organisms
to avoid misclassification of M. bovis infection status. This
is particularly important if the animals are tested soon after
exposure to Maa. The Map experimental model highlighted
the potential for misidentification as M. bovis positive in
Map infected cattle using PPDa and PPDb. Therefore,
additional specific antigens may have to be incorporated into
future diagnostics, for example, ESAT-6. Given that PPDa
induces a skin test response in Maa-and Map-infected cattle,
careful consideration should be given to the analysis and
interpretation of tests in field cattle to avoid misdiagnosis of
Map infection. Therefore, eﬀorts should be made to develop
comparative tests to identify Map-exposed animals from M.
bovis-andMaa-exposed animals usingmycobacterial species-
specific diagnostics.
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